Circe is a transposable element recently identified in Drosophila melanogaster which appears to be mostly associated with the constitutive heterochromatin. This element shows the structural features of a long terminal repeat (LTR)-containing retrotransposon: It is flanked by 240-bp-long terminal repeats, and its two open reading frames encode putative proteins resembling the gag and pol polyproteins of retroviruses. However, Circe displays striking similarities to both LOA and Ulysses, a non-LTR element and an LTR element, respectively. The result of its phylogenetic and structural analysis has allowed us to propose a new mechanism for non-LTR retrotransposon evolution.
Introduction
Transposable elements are widespread and constitute an important component of eukaryotic genomes. The movement of these elements into the host genome provides a source of genomic flexibility that plays a pivotal role in evolution (Charlesworth, Sniegowski, and Stephan 1994) . The evolutionary relationships of specific elements have been difficult to elucidate, because many of these elements are defective. Furthermore, these inactivated elements undergo decay over time until they become hardly recognizable (Smit and Riggs 1996) . However, phylogenetic trees of retroelements (a family of mobile elements that replicate through an mRNA intermediate) have been generated using their retrotranscriptase (RT) genes, because only these sequences are common to all of them (Xiong and Eickbush 1990) . Using additional genes, McClure (1991) suggested that recombination has also contributed to the evolution of retroelements.
Retrotransposons can be grouped into two major classes depending on whether or not they are bounded by long terminal repeats (LTRs) similar to those found in retroviruses. The non-LTR retroelements have retrotransposition mechanisms that differ radically from those used by the LTR retrotransposons and retroviruses. Two major polyproteins are encoded by non-LTR and LTR retrotransposon mRNAs that are equivalent to retroviral gag and pol polyproteins (Boeke and Corces 1989) .
In a previous study, we identified a new retrotransposon, Circe, on the centromeric region of the third and Y chromosomes of Drosophila melanogaster (Losada, Abad, and Villasante 1997) . Circe was arranged in tandem at both locations. Nucleotide sequence comparisons have shown the presence of deletions, indicating that these copies represent decayed elements. The protein predicted from the DNA sequences revealed intriguing homologies to the coding regions of the retrotransposons LOA, a non-LTR element from Drosophila silvestris (Felger and Hunt 1992) , and Ulysses, an LTR element from Drosophila virilis (Evgen'ev, Corces, and Lankenau 1992) . The sequence of pGEM-circe8 (accession number X98424), a clone from the tandem of Circe at region h18/h19 of the Y chromosome (Losada, Abad, and Villasante 1997) , did not reveal the presence of either LTRs or a clear poly-A between the 3Ј end of an element and the 5Ј end of the following element. However, Circe could be an LTR element in which one of the LTRs might have been lost during tandem formation (Ke and Voytas 1997) or a non-LTR element for which the poly-A tract could have not been recognized clearly due to the occurrence of deletions or any other type of mutational events affecting these copies of Circe. In this paper, we present a more detailed characterization of Circe showing that it is an LTR retrotransposon. In addition, the phylogenetic analysis has allowed us to propose a new mechanism for non-LTR retrotransposon evolution.
Materials and Methods
Drosophila Strains, DNA Analysis and Sequence Analysis Oregon R was used as the wild-type strain of D. melanogaster. The YAC library employed in this study has been described by Abad et al. (1992) . Restriction enzyme digestions were performed following suppliers' indications. The digested DNA was analyzed by conventional gel electrophoresis, transferred to Hybond N ϩ nylon filters (Amersham) in 0.4 M NaOH, and hybridized to radiolabeled probes overnight at 65ЊC in 0.5 M sodium phosphate (pH 7.2), 7% SDS, and 1 mM EDTA. Filters were washed with 2 ϫ SSC or 0.1 ϫ SSC; 0.1% SDS (1 ϫ SSC is 150 mM NaCl, 15 mM sodium citrate) at 65ЊC and exposed to X-ray film. The Circe probe was pGEM-circe8 (Losada, Abad, and Villasante 1997) . The probe from the R1 element (a 5.6-kb HindIII fragment starting ϳ200 bp from the 5Ј end and extending 300 bp beyond the 3Ј end) was a gift from T. Eickbush. The polymerase chain reaction (PCR) technique was used to melanogaster heterochromatin has been subdivided into several regions (h1 to h58) (Gatti, Bonaccorsi, and Pimpinelli 1994) . The bar represents 5 m.
clone the 5Ј half of Circe from the YAC yw18G10. PCR reactions were carried out as described in Losada, Abad, and Villasante (1997) . The oligonucleotide primers used in the amplification reactions were 5Ј-CTGTATAGT-TACGTTGGGC-3Ј (from Circe) and 5Ј-GCCATTGA-TGCCGTCCAACCCGGG-3Ј (from R1). The fragments obtained by PCR were cloned in vector pGEM-T (Promega) and sequenced using the T7 polymerase kit (Pharmacia). Sequence analysis was performed using the University of Wisconsin GCG package. Amino acid sequences from the reverse transcriptase domain of Bilbo, Circe, LOA, and Ulysses were added to the alignment previously reported by Xiong and Eickbush (1990) . Phylogenetic tree construction from the aligned amino acid sequences was achieved with the neighbor-joining method (Saitou and Nei 1987) using the program WET (http: //www.cnb.uam.es/ϳdopazo/Infoprojects.html). Multiple substitutions at sites were taken into account in the calculation of distances by using the Poisson correction.
Fluorescence In Situ Hybridization to Metaphase Chromosomes
Neuroblast chromosomes were prepared as previously described (protocol 2 in Gatti, Bonaccorsi, and Pimpinelli 1994) . A hypotonic incubation for 10 min was used to spread chromosomes. No colchicine treatment was used. DNA probes used for fluorescence in situ hybridization (FISH) were labeled by random priming with biotin-16-UTP or digoxigenin-11-UTP as in Losada, Abad, and Villasante (1997) . Hybridization and detection were done following protocols of Gatti, Bonaccorsi, and Pimpinelli (1994) . Hybridizations were performed overnight at 37ЊC in a hybridization mixture containing 50% formamide, 2 ϫ SSC and 10% dextran sulfate. Slides were then washed three times for 5 min at 42ЊC with 50% formamide in 2 ϫ SSC followed by three 5-min washes at 60ЊC with 0.1 ϫ SSC. Biotinylated probes were detected with FluoroLink CY3-Avidin (Amersham), and digoxigenin-labeled probes were detected by incubation with anti-digoxigenin-FITC (Boehringer Mannheim). Chromosomes were counterstained with 4Ј,6-diamino-2-phenylindole (DAPI). Slides were analyzed using a Zeiss Axioplan epifluorescence microscope equipped with a cooled charge-coupled device (CCD) camera (Photometrics). The fluorescent signals from the CY3, FITC, and DAPI staining were recorded separately as gray scale digital images and then pseudocolored and merged using the Adobe Photoshop program.
Results and Discussion

Genomic Distribution of Circe in Drosophila Species
To determine whether Circe belongs to the LTR or the non-LTR class of retrotransposons, it was necessary to characterize new Circe sequences from other genomic locations. As the restriction enzyme analysis of Circecontaining YAC clones had shown evidence of tandems of Circe in most of them (data not shown), it was essential to find clues about the types of sequences that 1A) . Drosophila mauritiana ( fig. 1D ) and D. simulans ( fig. 1F ) exhibited seven and three euchromatic hybridization signals, respectively. No signal corresponding to the chromocenter was detected, even though the in situ hybridization to mitotic chromosomes shows that the element is present mainly on centric heterochromatin of these species. In D. melanogaster (see fig. 1B ), the brightest signal was close to the nucleolus organizer region of the X chromosome (region h27-28). A prominent hybridization signal was also detected near the nucleolus organizer of the Y chromosome (region h19), and fainter ones were detected over three heterochromatic regions of chromosome 3 (h51-52, h53, and h56-57). In some preparations, there was a faint signal in the long arm of the Y chromosome (region h14). To our surprise, the localization of Circe in D. simulans and D. mauritiana has shown heterochromatic sites on the autosomes and the Y chromosome but not on the X chromosome, where most of Circe sequences of D. melanogaster are found ( fig. 1B, E, and G) . The presence of Circe copies on the X chromosome of D. melanogaster and their absence on the X chromosome of D. simulans and D. mauritiana could suggest a recent transposition event.
The location of Circe on the X chromosome is close to the one described for the R1 retroelement (Cantu and Gay 1984) . To address the question of whether Circe elements colocalize with R1 elements, we performed in situ hybridization to mitotic chromosomes of D. melanogaster using both probes. Figure 1C shows that Circe and R1 seem to partially overlap in the middle of the heterochromatin of the X chromosome (region h28).
Circe Shows the Characteristic Organization of LTR Retrotransposons
The cytological observations have been confirmed by the identification of the YAC clone yw18G10, for which restriction enzyme analysis showed interspersion of Circe and R1 sequences. In view of the possible insertion of Circe into R1 elements, we used a PCR-based approach to obtain their 5Ј and 3Ј regions using DNA from yw18G10 and primers from the sequences of both Circe and R1 (see Materials and Methods). Thus, the 5Ј half of an inserted Circe element was amplified with the suitable primer combination, cloned, and sequenced (accession number AJ132547). Unfortunately, we have not been able to amplify a 3Ј end of Circe from this clone.
However, during a search of homologous sequences in the GenBank database, we found that the P1 clone DS03708 contains a single Circe element inserted in a tandem of R1 (accession number AC005427). This element is flanked by 240-bp LTRs ( fig. 2A) . Interior to the 5Ј LTR, there is a putative lysine tRNA primer-binding site (PBS) for minus-strand DNA synthesis. A primer-binding site for the same Lys tRNA has also been found in the gypsy and Ulysses retrotransposons. In addition, the region located immediately adjacent to the 3Ј LTR contains a polypurine tract (PPT) to permit plusstrand DNA synthesis. These results establish that Circe belongs to the family of LTR-containing retrotransposons.
The alignment of Circe sequences derived from chromosomes Y and X (accession numbers X98424, AJ132547, and AC005427) has revealed several small deletions ( fig. 2B ). These appeared evenly distributed, ranged from 1 to 415 nucleotides in size, and were more abundant in the sequence derived from chromosome Y. A high rate of DNA loss seems to be a general feature in Drosophila (Petrov, Lozovskaya, and Hartl 1996) . The reconstructed Circe element contains 7,450 bp and three long open reading frames (ORFs). ORF1 overlaps ORF2a, and we suspect that ORF2a and ORF2b correspond to a single ORF2 in an active element ( fig. 2C ). ORF1 and ORF2a-ORF2b show the typical motifs found in retroviral gag and pol genes, respectively. The only identifiable sequence motifs in the gag-like ORF are two closely spaced RNA-binding sites near the carboxyl end (the nucleocapsid domain [NC] ), each possessing a presumptive zinc knuckle of cysteines and histidines (Berg 1990; Summers et al. 1990 ). Previously reported LTR retrotransposons normally contain one or two of these motifs; however, no zinc knuckles have been found among Drosophila retrotransposons related to gypsy. A FASTP (Pearson and Lipman 1988) search of GenBank with the deduced ORF2a-ORF2b protein sequence revealed four identifiable presumptive domains in the following order: protease (PR), reverse transcriptase (RT), RNase H (RH), and integrase (IN) (fig. 2B ). The same organization has been found in retroviruses and the gypsy-Ty3 group of retrotransposons. Furthermore, as we have reported previously (Losada, Abad, and Villasante 1997) , the database comparisons indicate a striking similarity between the putative proteins encoded by the ORFs of Circe and the coding regions of LOA and Ulysses, a non-LTR and an LTR retrotransposon, respectively. As diagrammed in figure 3A , the predicted protein sequence presents the highest homology (ϳ50% identity over 400 amino acids) to ORF1 and part of ORF2 of LOA, but downstream of the protease domain it is more homologous (40.6% identity over 892 amino acids) to the ORF 2 of Ulysses. In order to establish the phylogenetic relationship of Circe to other Drosophila retrotransposons, we carried out a dendrogram analysis of putative reverse transcriptase sequences from a number of retroelements. This analysis (see fig. 4 ) suggests that Circe and Ulysses shared a common ancestor and, as expected, place these LTR retroelements in a branch separate from LOA.
Evolutionary Relatedness of Circe and LOA
The phylogenetic analysis and the genome structure of Circe show that this element belongs to the family of LTR retrotransposons. However, the high homology between the 5Ј regions of LOA and Circe suggests an evolutionary relationship among them. Once all the comparisons have been made, several peculiar features seem apparent: (1) although the gag proteins diverge so rapidly that phylogenetic homologies are difficult to detect (McClure et al. 1988; Eickbush 1994) , the predicted proteins encoded by the gag genes of Circe and LOA show high homology; (2) LOA is the only non-LTR retrotransposon in which a protease domain has been found (Felger and Hunt 1992); and (3) Bilbo, a non-LTR element of Drosophila subobscura (Blesa and Martínez-Sebastián 1997) , is highly homologous to the 3Ј half of LOA (34.2% identity over 1,200 amino acids; see fig. 3A ), and its 5Ј untranslated region shows high nucleotide homology (76.8% identity in the first 100 nucleotides) to the LOA sequences downstream of the protease domain ( fig. 3B ). To explain these features we propose that the insertion of non-LTR elements into LTR retrotransposons can be a mechanism originating new chimeric non-LTR retroelements ( fig. 5) . Initially, the inserted element might have been transcribed from its internal promoter or from the LTR promoter upstream of the element. As the LTR promoter activity was stronger than that of the element's own promoter, the transcripts driven by the new promoter could become dominant. Although this new promoter will not perpetuate itself, it could be able to create copies of the master element over a significant period of time. Similarly, Adey et al. (1994) have proposed that L1, the non-LTR retrotransposon of mammalian genomes, periodically acquires new 5Ј regulatory sequences during evolution. The next step would involve, among other things, evolutionary sequence changes that enable an originally untranslatable sequence to become a new coding region. Recently, Nurminsky et al. (1998) have shown evidence in Drosophila for the de novo origin of a protein-coding exon from a previously noncoding sequence. We suppose that the presence of an active protease domain in the original chimeric element has been crucial because its function is required to generate the mature products of the LTRgag region that allow the formation of RNA transposition intermediates.
In summary, our analysis has revealed a plausible scenario for the origin of novel non-LTR retrotransposons subsequent to the insertion of non-LTR retroelements into LTR retrotransposons.
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